A numerical study is conducted to investigate steady and pulsed fluidic actuation in transonic flow over an open cavity. Numerical results are obtained for the unsteady threedimensional flow with three different steady mass injection rates and one pulsed injection upstream of the cavity. The simulations are carried out using the full 3-D Navier Stokes equations with the two-equation k-ε based Detached Eddy Simulation (DES) model to calculate the flow and acoustic fields. Computational results are presented for unsteady pressure fluctuations, vorticity contours and kinetic energy profiles at different injection ratios. The sound pressure level (SPL) and the kinetic energy spectra highlight the effectiveness of actuation in tone attenuation at peak frequencies. The computed sound pressure level (SPL) spectra with and without injection are compared with available experimental data and LES predictions.
INTRODUCTION
Several investigations have been carried out to understand the complex flow physics associated with acoustic suppression in cavities. Passive suppression techniques like fences [1] and spoilers [2, 3] had achieved limited success under certain operating conditions. An experimental study by Stanek et al. [4] investigated rods, spoilers and rods modified with circular end-caps, and linked high frequency rod shedding to acoustic suppression. Active control techniques have been considered efficient noise reduction tools effective over a wide range of operating conditions. These techniques include oscillating flaps [5] , upstream steady mass injection [6] , harmonic blowing [7, 8] , piezoelectric actuators [9, 10] and powered resonance tubes [11] . Shaw and Northcraft [8] investigated the effect of steady mass injection upstream of the cavity, and suggested that at subsonic Mach numbers, SPL decreases with increased mass injection. Stanek et al. [12] conducted a thorough experimental study in subsonic and supersonic cavity flow fields using four high-frequency actuators (piezo-ceramic wedge, rod in cross-flow, passive resonance tube, and powered resonance tube) and a low frequency actuator (saw-toothed spoiler). They reported that the high frequency powered resonance tube was most effective in reducing the tones at peak frequencies. In a subsequent study Stanek et al. [13] compared the effect of steady and pulsed mass actuation and observed that a substantial amount of suppression can be attributed to the steady injection. They introduced the notion of superposition of steady effect and high frequency effect and proposed that high frequency forcing has stabilized the flow rather than draining energy out of the large scales as suggested by Glezer et al. [14] . Ukeiley et al. [15] investigated a powered whistle in supersonic flow and steady mass blowing of nitrogen helium and hot air in subsonic flow and observed that helium injection is most effective in decimating the Rossiter tones. Zhuang et al. [16] conducted experiments in supersonic cavity flow control using supersonic microjets at the leading edge, and reported a 10dB reduction in the overall SPL and 20 dB reductions at tonal frequencies.
Fewer numerical studies have been conducted for cavity flow control. Cain et al. [17, 18] performed 2D URANS simulations of harmonic mass injection in subsonic cavity flows and concluded that the mean mass flow plays a more important role than the actuation frequency for noise suppression. Rizzetta et al. [19] performed large eddy simulations (LES) of high frequency mass pulsing in supersonic cavity flows and studied the resulting suppression. Arunajatesan et al. [20, 21] performed 2D RANS and 3D hybrid RANS/LES simulations of subsonic flow over cavity using a thin rod as suppression device. They showed that the 2D simulations exhibit a wake mode behavior, which is not consistent with experimental observation. The study presented auto and cross-correlation functions, two-point correlation tensors and turbulent and kinetic energy budgets from the 3D simulations in an attempt to explain the control mechanism. A number of computational studies performed by the current authors have reported computational results for cavity flow without actuation based on DNS [22] , DES [23, 24] . The DNS results [22] indicated a noticeable increase in pressure fluctuation amplitude with Mach number while the DES simulations [23, 24] indicated that the sound pressure level increases with the flow Reynolds number. Preliminary studies on steady blowing by the current authors indicated a 7.5-10% reduction in RMS pressure load across the cavity floor using a 6-9% injection mass ratio [25] .
A number of cavity flow simulations with actuation have reported the effect of either steady or unsteady injection in the tone attenuation process, but did not compare both of them on the same geometrical configuration and operating condition. The comparative effect of high frequency unsteadiness as opposed to the mean mass flow rate in the noise suppression mechanism is not completely explored. In the present work, numerical simulations are carried out to gain an understanding of the control mechanism of transonic cavity flows for steady blowing and high frequency mass actuation. Turbulence has been simulated using k-ε two-equation based Detached Eddy Simulation (DES) model. The DES method has been demonstrated to provide the required dynamic range resolution with computational resources comparable to URANS [24, 26] . The computational results at different mass injection ratios for the steady blowing and unsteady actuation are compared with experimental data and LES simulations. Comparison of predicted Sound Pressure Level (SPL) spectra for the base line and the controlled cases shows the decrease in SPL magnitude at peak frequencies.
METHODOLOGY
The governing equations for the present analysis are the full unsteady, three-dimensional compressible Navier-Stokes equations in strong conservation-law form. They are numerically solved using implicit, approximate-factorization Beam-Warming algorithm [27] . Newton subiterations are employed to improve temporal accuracy and stability properties of the algorithm. The aforementioned features of the numerical algorithm are embodied in a parallel version of the time accurate three-dimensional solver FDL3DI, originally developed at AFRL [28] . In the Chimera based parallelization strategy [29] used in the solver, the computational domain is decomposed into a number of overlapped zones. In the solution process, each zone is assigned to a separate processor and communication between them is accomplished through the interpolation points in the overlapped region by explicit message passing using MPI libraries. The solver has been extensively validated and proved to be efficient for a wide range of high speed and low speed; steady and unsteady problems [19, 29, 30] . For the present research, the twoequation k-ε based DES model [26] has been implemented in the solver within the present computational framework. In this DES formulation, the turbulent kinetic energy dissipation rate (ε) is increased to enable the transition from the RANS to LES type solution. This is achieved through a limiter that is a function of the local turbulent length scale and the local grid dimension. The DES model has been implemented in the solver, validated for baseline cavity flow with experimental results and the detailed formulation has been provided [26] . The 3rd order Roe scheme is used for the spatial discretization for both the flow and the turbulent equations. The time integration is carried out using the implicit Beam-Warming scheme with three subiterations for each time step.
NUMERICS
The cavity geometry has a L/D (length-to-depth) ratio of 5.0 and a W/D (width-to-depth) ratio of 0.5. The computed results for both the suppressed and unsuppressed cases are compared to the experimental data of DERA [31], which were obtained at a Reynolds number of 4.336×10 6 /ft and a transonic Mach number of 1.19 . To optimize the use of available computational resources while maintaining a fully turbulent boundary layer at the front bulkhead cavity lip, the present simulations were performed at a Reynolds number of 0.60×10 6 /ft, which is (1/7) th the value of the experimental Reynolds number and at the same experimental Mach number of 1.19. The solution domain for the cavity is shown in figure  1 . The upstream plate length was 4.5D in order to maintain the incoming boundary layer thickness δ at 10% of the cavity depth D, at the simulated Reynolds number. The computational grid consists of 300×120×80 grid points in the stream-wise, wall normal and span-wise direction respectively. It is based on the prior assessment [24] of the current authors regarding the effect of the grid resolution on the SPL spectra and the TKE cascading. The grid is packed near the walls, with a minimum wall normal grid spacing of 1×10 -4 D. This corresponds to an y + of 1.0 for the first grid point. The grid is clustered in the wall normal direction using hyperbolic tangent stretching function with 20 grid points within the boundary layer upstream of the cavity. The grid was clustered upstream of the cavity with 35 grid points in the injection region (4.2D and 4.35D).
Free stream conditions were set for the supersonic inflow and first order extrapolation was applied at the upper boundary, which was at 9D above the cavity opening. First order extrapolation was also applied at the downstream boundary, 4.5D behind the rear bulkhead. Periodic boundary conditions were applied in the span-wise direction. No-slip adiabatic boundary condition was used for the wall. Active flow control was simulated by specifying constant mass flux rates through the injection region for steady blowing; and specifying a velocity profile exiting through the injection region for pulsed injection. The specified velocity profile for the pulsed injection case has the same form as used by Rizzetta et al. [19] in their LES simulations of unsteady injection, and it is a function of space and time. The assumed profile generates a fluctuating injection velocity that is always positive. At the plane of the jet exit for both the steady and pulsed injection, the pressure was obtained from the inviscid normal momentum equation [19] . The time history of the fluctuating injecting velocity at a point in the injection region is shown in figure 2 . The spectra of the corresponding power spectral density (PSD) is illustrated in figure 3 which shows that the dominant frequency is equal to 2.5×10 4 Hz. This corresponds to the peak frequency obtained from pulsed jets emanating from a resonance tube [33] . The mass injection for the actual experimental case is delivered by a series of powered resonance tubes [12, 32] located beneath the jet exit. These tubes are fed by a single plenum and discharge through the common slot. Though, there is significant difference between the simulated environment and the complex experimental condition regarding the controlled case, attempt had been made to simulate the experiment as closely as possible through proper spatial variation of injection velocity. The solution domain is decomposed into twelve overlapping zones in the stream-wise direction and the normal direction for parallel computation with a five-point overlap between the zones. Parallel computations for the overlapping zones for cavity were performed using Itanium cluster machines and exclusive message passing with MPI libraries. The DES simulations were initiated in the unsteady mode from an established solution without injection and continued over 100,000 constant time-steps of 4.2345×10 -7 seconds to obtain sufficient data for statistical analysis. The sound pressure level (SPL) and the turbulent kinetic energy (TKE) spectra for all the simulations are computed based on 65536 sample points.
RESULTS AND DISCUSSION
Simulations were performed for the baseline cavity flow without injection, the actuated flow with steady mass injection for three blowing ratios and one unsteady pulsed mass blowing. Simulation conditions are listed in Table 1 . Computational results are presented for the vorticity contours, SPL spectra, grid resolved TKE profiles and the TKE spectra. The SPL spectra for all the cases are compared with the available experimental data [32] as well as with LES simulation results [19] . Table 1 . Simulated injection mass flow rates Figure(s) 4(a-e) shows the instantaneous span wise vorticity contours for the baseline case and the controlled cases. The roll up of the vortex and the impingement of the shear layer at the rear bulkhead for the baseline case can be seen in figure  4(a) . The figures also indicate the formation of eddies that are smaller than the shed vortex within the cavity. One can see a considerable reduction in the resolved scale within the cavity for the controlled cases in figures 4(b-e) . This suggests that injection is responsible for decreasing the production of the fine scales. Also noticeable in figures 4(b-e) is the lifting of the shear layer due to injection. The injection disrupts the coherence of the shear layer, breaks it up and prevents it from directly impinging on the rear bulkhead. Figures 5-9 shows the sound pressure level (SPL) spectra at two different axial locations on the cavity floor and also on the cavity rear wall for the baseline case and the controlled cases. The computed SPL spectra are compared with the experimental data as well as the LES simulations. The LES simulations were carried out at a Reynolds number of 0.12×10 6 /ft; which was (1/5) th of the Reynolds number at which the current simulations are carried out, using 21 million grid points. Figure 5(a) shows the SPL spectra for the uncontrolled baseline case at X/L = 0.2, figure 5(b) at X/L = 0.8 on the cavity floor and figure 5(c) at X/L = 1.0 for the rear wall (y/D = 0.2). It can be seen that at all the three locations, the dominant frequencies as well as the peak SPL are in close agreement with both the experimental data and the LES simulations. However, the current DES simulations over predict the broadband noise at all three locations. Figures (6a-6c) show the SPL spectra at same three locations for the steady injection ratio of 0.6. It can be observed that there is a significant reduction (7-8 dB) in the SPL magnitude compared to the baseline case. It can also be observed that the spectra at all three locations are in reasonable agreement with the experimental data and LES simulation results. Figures (7) and (8) shows the corresponding SPL spectra for injection ratios of 0.9 and 1.2 respectively. It can be noted that the peak SPL is not very significantly reduced due to increased mass blowing. An overall reduction of 7-8 dB is achieved for both the cases. However, at the higher injection ratios of 0.9 and 1.2, a considerable reduction of broadband noise takes place, which is consistent with the both experimental observation and LES simulations. Figure 9 shows the corresponding SPL spectra for the unsteady injection case. It can be observed that the unsteady injection reduced the peak SPL magnitude by 10-12 dB, which is more than what was achieved with steady blowing. At the same time the pulsed mass blowing significantly lowered the broadband noise level. This shows that the unsteady injection with high frequency forcing is more effective in reducing the peak and overall SPL level in comparison to the steady mass injection. The SPL spectra with the unsteady injection is in better agreement with the experimental data and the LES simulations, which can be attributed to the fact that both the experiment and the LES computations were performed for unsteady actuation. Figure 10 presents the computed grid resolved turbulent kinetic energy (TKE) spectra at the middle of the cavity opening within the shear layer at two axial locations (X/L = 0.2 and X/L = 0.8). An overall reduction in TKE amplitude with injection can be observed. However, as observed in the SPL spectra, unsteady blowing results in the maximum reduction in turbulent kinetic energy. Addition of mass injection at the high frequency for the unsteady injection results in an increased amplitude at actuation frequency (f = 2.5×10
4 Hz) at X/L = 0.2. However, further downstream (X/L = 0.8) this effect diminishes. Rizzetta et al. [19] reported similar changes in the TKE spectra with pulsed injection from LES calculations.
The computed results for the grid resolved TKE profiles are presented in figure 11 at two streamwise locations (X/L = 0.2 and X/L = 0.8). The profiles clearly indicate the reduction in the predicted grid resolved TKE values with both steady and unsteady injection. However, unsteady injection results in much higher reduction as compared to steady blowing.
CONCLUSIONS
Computational results are presented from the 3D detached eddy simulations for supersonic cavity flow with steady and unsteady mass injection. The predictions from the steady blowing indicate a 7-8 dB reduction in SPL at the peak frequency using an injection mass ratio of 0.6, 0.9 and 1.2. Unsteady blowing results in a higher reduction. The computed turbulent kinetic energy spectra revealed an overall reduction in amplitude. The TKE profiles indicate that the energy level decreases downstream of injection. The vorticity contours indicate that injection is responsible for the reduction of fine scales inside the cavity and lifting of the shear layer. 
